A 3D CFD (Computational Fluid Dynamics)-DEM (Discrete Element Method) method is used for simulation of complicated behaviour including interaction between particle and fluid in the hybrid domain, involving both a porous region and a clear fluid region. A comparison of the results taken from our numerical tool with the experimental data available in two literatures proved that the numerical tool developed here can be used in situations where the Reynolds number and the porosity are different. The effects of the dynamic characteristics of porous medium, including angle of inclination, inlet flow velocity, discharge velocity and porosity, on the particle movement were further investigated. The statistical results demonstrate that the average horizontal component of the particle velocity follows a Gaussian distribution for each case. The average particle velocity and the average flow velocity within the free-fluid region increase with increasing angle of inclination, inlet flow velocity, discharge velocity and porosity. This 3D CFD-DEM method, as demonstrated by the scheme proposed and applied in this work, may serve as an effective simulation tool for the simulation of particle-fluid flows.
Introduction
Transport phenomena at the interface between a fluid and porous medium has remained an important topic of research because of their fundamental interest in understanding the phenomena of infiltration into the porous medium and its wide field of applications in industry and environmental analyses, for example, river hydraulics, urban hydrology, pollution and remediation of soils, water treatment, etc. Flows over a porous medium are combined the flows both over and through the porous medium. Because of the interaction between surface flow and seepage flow inside porous region, this interaction affects both the flow discharge and the sediment discharge.
The effect of the interaction between the seepage flow and the surface flow has been studied by several forerunners. Beavers and Joseph [1] they found an empirical relationship for slip velocity at the interface; Rudraiah [2] , Poulikakos and Kazmierczak [3] , Vafai and Thiyagaraja [4] , and Vafai and Kim [5] proposed the continuity conditions at the interface for both velocity and shear stresses. Sahraoui and Kaviany [6] and Ochoa-Tapia and Whitaker [7, 8] have used macroscopic approaches to study the velocity near the interface and also developed the interface shear stress jump condition, but this approach just show the complexities of the interface area. And Choi and Waller [9] applied a macroscopic single domain approach to treat complex interaction of the flow near the interfacial region.
Some studies have presented findings about the effect of turbulent flow above and through porous bed. Chu and Gelhar [10] presented analytical results to explain the reason why organized fluctuation appears due to non-Darcy law as a resistance law for the flow in a highly permeable porous medium. Zippe and Graf [11] presented the boundary resistance of the permeable surface is higher than that of the impermeable boundary with the same roughness. Shimizu et al. [12] based on experimental findings, concluded a mathematical model of the velocities within the porous medium under turbulent flow, However, the model was based on a function of the slip interfacial velocity, which is not known a priori. Thus, applying such a model is rather difficult. Mendoza and Zhou [13] and Zhou and Mendoza [14] presented the turbulent flow characteristics over a porous bed and the velocity distribution in surface flow, however, the details of transport phenomena near the boundary of the permeable interface was not investigated.
Either a microscopic or macroscopic model can be used in the numerical investigation of the turbulent flow over the porous region. Most of the studies on porous medium flow apply macroscopic models within a two-dimensional (2D) porous bed (e.g., [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ). Vafai et al. [26] found a synthesis of models for turbulent transport through porous media. Pedras and de Lemos [23] presented a macroscopic turbulent model which was a k- model based on the formulations developed from the numerical results, described the characteristics of the flow turbulent kinetic energy. Chan et al. [27] presented the numerical solutions for turbulent 2D flow in a channel with a porous medium, they applied a singledomain approach and concluded that the level of turbulent penetration depended strongly on the damping effect of the porous medium itself. However using the macroscopic models could not have detailed insight into the flow structure, due to the development of the computational capacity, a complex computational fluid dynamics (CFD) could be performed. Prinos et al. [28] presented microscopic computation of flow over and within a porous bed. They also provided very valuable measured data.
In the present study, the characteristics of a free surface flow over a porous bed in a three-dimensional (3D) inclined open channel are studied numerically using the microscopic approach. The flow is described by the Navier-stokes equations, while the rigid spherical particles which assembled the porous medium are described by the Discrete Element Method (DEM). The equations were solved using the commercial software CCFD (2007) and PFC3D 4.0 (2008). Figure 1 shows the flow investigated here. The rectangular channel is partially filled with a layer of a porous material. A free surface flow passes longitudinally from left to right. At the bottom is an impermeable wall. Sketch of computational domain with boundary conditions in a 2D view.
Mathematical equations
The flow in the whole flow region is calculated from the continuity and the Navier-Stokes equations with a porosity term and an additional body force term to account for the presence of particles in the fluid, which are given by
where  f is the density of the fluid, is porosity, is the fluid velocity, p is the fluid pressure,  f is the dynamic viscosity of the fluid and f b is a body force per unit volume. The porosity and body force in these fluid elements are determined by the DEM. The equations of motion for particles with an additional forcing term to account for interaction with the fluid are expressed as:
where u is the particle velocity, m is the particle mass, f fluid is the total force applied by the fluid on the particle, f mech is the sum of additional forces acting on the particle, g is the gravitational acceleration,  is the particle angular velocity, I is the moment of inertia and M is the moment acting on the particle. f fluid is made up of two parts: the drag force and a force due to the fluid pressure gradient:
where f 0 is the force on a single particle. The  - term is an empirical factor to account for the local porosity. This correction term makes the force applicable to both fixed and fluidized porosity systems and for a large range of Reynolds numbers [29, 30] .
The single particle force in an infinite medium is defined as:
where r is the particle radius, C d is a drag coefficient, has been given by Dallavalle [31] :
The particle Reynolds number, Re p is:
The empirical coefficient  is defined as:
The body force per unit volume, f b , in each fluid element is determined as:
where V is the volume of the fluid element. DEM and CFD two-way coupling is numerically achieved as follows. Eqns (1) and (2) are solved with the CFD code CCFD, and eqns (3)- (11) are solved with the DEM code PFC3D. The porosity and the body force are determined in PFC3D and divided by volume in CCFD. The fluid velocity and fluid pressure in every element are determined by CCFD and send to PFC3D in each coupling data exchange.
The standard k- model is used in turbulent flow regime. The volume of fluid method (VOF) has been in usage for fluid flow calculations. The polyhedron method is used for calculating the porosity in a fluid element, this method represents a particle as a cube with height, length and width equal to the diameter of the particle, and it has the advantage that the change in porosity is smooth as a particle moves from one fluid element to another.
Validation test of the method
The best way to examine and increase the understanding of the numerical simulation discussed above yield is to compare it with the existing experimental and the simulation data. Accordingly, the computational conditions, including inlet flow velocity, the depth of free surface flow, thickness and porosity of porous regions, position of interface and inclination angle  of the channel were set to match the conditions of the available reference data. Measured experimental parameters from Shimizu et al. [12] and Prinos et al. [28] . Table 1 ( 1a, 1b and 1c) , respectively. Figure 3 compares the computed velocity distributions U s below the fluid/porous interface with the experimental data obtained by Shimizu et al. [12] . Notably, the present numerical model accurately represents the general trend of the velocity distributions. The interface velocities are quite high, with values varying from 0.17 to 0.26, which are much higher than the respective laminar flow values over a porous medium, as predicted by Choi and Waller [9] .
Case 2: Prinos et al. [28] investigated fully developed and uniform flow in a flume with a porous bed. The flume was 12 m long, 0.25 m wide and 0.5 m high. The porous bed was simulated using spatially periodic rods (D = 10 mm) in a non-staggered arrangement. The geometric and hydrodynamic characteristics are shown in Figure 2 (case 2) and Turbulent velocity distribution over porous region in wall coordinates. Lines, computations; symbols, measurements (Prinos et al. [28] ).
This is due to the penetration of the turbulence and the momentum exchange near the fluid/porous interface. Similar trends are observed in the measured velocity distribution, but it indicates higher velocities than computed ones, this may be caused by limited length of the porous region in the laboratory channel (Prinos et al. [28] ).
Solid particle transport over the porous bed
After the above validation, the numerical methods are used to simulate the motion of one ball transport over the porous medium by the flow. The computational domain having dimensions equal to 0.03 m×0.015 m×0.20 m, a grid consisting of 90×45×600 points for the computation domain. The samples are from 20 particles which are added to the flow field one by one, a particle is deleted if it reaches the edge of the area of interest, in the meantime, the next particle is added in the middle of the flow field over the surface of porous media, without initial velocity. During which the system is statistically steady. The average velocity of a particle over a distance along the channel of 60 mm is calculated. Particle has a diameter of 2 mm and density of 2500 kg/m 3 , friction coefficient of 0.4, stiffness coefficient of 1×10 6 N/m, and the critical damping ratio is 0.04. Fixed solid particles with the same values of material parameters are used to assemble the porous media. The thickness of porous medium is 6 mm and the inlet flow thickness is 5 mm. Table 2 summarizes the parameters used in the sensitivity analysis. The analytical results show that the velocity distributions of particles in different cases ( Figures 5, 6 , 7 and 8) follow a Gaussian distribution with a high correlation coefficient (Table 3) , which can be expressed into the following correlation:
where P represents the probability distribution of horizontal component of the particle velocity. Figure 5 (a) presents the inclination angle influence on the distributions of average horizontal component of the particle velocity. A greater inclination angle  corresponds to faster average particle speed. Figure 5 (b) presents the corresponding variation of the computed velocity profiles. Evidently, the greater inclination angle causes a higher flow around the fluid/porous interface and within free-fluid region, and the higher flow velocity near the interface together with down slope component of gravity causes the increase in particle velocity. Figure 6 (a) presents the inlet flow velocity influence on the distributions of average horizontal component of the particle velocity. The average particle velocity significantly increases with increasing of the inlet flow velocity. Figure  6 (b) shows flow velocity profile above and within the porous region for different inlet flow velocity. Figure 7 (a) investigates the discharge velocity influence on the distributions of average horizontal component of the particle velocity. The average particle velocity significantly increases when there is a discharge rate through the porous media; however, the effect is not so obvious at a higher discharge velocity. The velocity profiles in Figure 7(b) show the similar trends, and the fluid height slightly decreases with increasing discharge velocity. media is bigger, the average particle velocity is higher. Figure 8(b) shows the greater porosity causes a higher flow within free-fluid region, but things change near the free surface, the flow over the porous medium with the lowest porosity have highest velocity at the free surface, while the fluid height slightly decreases with increasing porosity.
